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These proceedings present measurements from ATLAS and CMS using
proton-proton collisions with center-of-mass energies of 7 TeV and 8 TeV
at the Large Hadron Collider that are sensitive to interactions between
electroweak gauge bosons. Included analyses sensitive to triple gauge cou-
plings are electroweak Z production and many diboson processes (W+W−,
W±Z, ZZ, W±γ, and Zγ). In addition, γγ → W+W− production, WV γ
production, where V = W,Z, and W±W±jj production are presented as
probes of quartic gauge couplings.
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1 Introduction
In the Standard Model (SM), the large masses of the W and Z bosons responsible for
mediating the weak force are explained by the spontaneous breaking of electroweak
symmetry. The minimal description of massive W and Z bosons leads to unitarity
violation in the scattering of longitudinally-polarized vector bosons at center-of-mass
energies near 1 TeV[1], but this is prevented in the SM by the Higgs boson. A
new particle with properties consistent with the Higgs boson was discovered by the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC) in 2012[2, 3].
This represents a great step forward in our understanding of electroweak symmetry
breaking, but is not necessarily the entire picture. The couplings of the Higgs to
gauge bosons have not yet been measured precisely and need to be exactly those of
the SM Higgs in order to cancel the growth of the vector boson scattering (VBS)
amplitude with center-of-mass energy. If couplings differ from the SM predictions,
extensions to the SM would still be needed to avoid unitary violation.
Precise measurement of Higgs couplings provide one avenue for testing the SM the-
ory of electroweak symmetry breaking, but another approach is to look for deviations
from the SM predictions for processes in which electroweak gauge bosons interact
with each other. Specifically, vector boson scattering (VBS) contains contributions
involving two types of gauge couplings, triple gauge couplings (TGCs) and quartic
gauge couplings (QGCs). Feynman diagrams containing these couplings contribute
to processes with one, two, or three vector bosons in the final state, leading to a large
number of measurements that can be used to probe electroweak symmetry breaking.
In lieu of a particular complete theory of electroweak symmetry breaking, effec-
tive theories are used to provide a general parameterization of deviations from the
electroweak couplings of the SM. They are constructed either with an anomalous cou-
plings approach, in which couplings between electroweak gauge boson are allowed to
deviate from what the SM predicts, or an effective field theory approach, in which
higher dimensional operators constructed from the SM fields are added to the La-
grangian. In general, these effective theories do not respect unitarity. This is not
necessarily a problem in practice since experiments are not sensitive to the energy
at which unitarity violation occurs, but it does make the effective theory unphysical.
Two commonly used methods of unitarizing effective theories are the inclusion of a
form factor that causes the coupling to decrease above a certain cutoff energy and the
K-matrix method, which allows the cross section to saturate at the unitarity bound.
These proceedings will discuss several of the most recent measurements from the
ATLAS and CMS collaborations that are sensitive to anomalous triple and quartic
gauge couplings (aTGCs and aQGCs).∗ Measurements sensitive to aTGCs will be
presented in Section 2, and measurements sensitive to aQGCs will be covered in Sec-
∗Detailed descriptions of the ATLAS and CMS detectors can be found in references [4] and [5],
respectively.
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tion 3. Most measurements have been performed by both experiments using similar
approaches, so a single example is discussed for brevity. Additional measurements not
discussed below include measurements from CMS of electroweak Zjj production[6],
W+W− production[7], ZZ → `+`−`′+`′−[8], and Zγ → `+`−γ production[9] and
ATLAS measurements of WZ production[10], ZZ → `+`−νν¯ production[11], and Wγ
and Zγ → νν¯γ production[12]. Concluding remarks will be made in Section 4.
2 Measurements Sensitive to aTGCs
Measurements that are sensitive to aTGCs include the electroweak production of a
Z boson in association with two jets[13] and V V ′ cross section measurements, where
V = W,Z and V ′ = W,Z, γ. Electroweak Zjj production is sensitive to the WWZ
coupling through the vector boson fusion (VBF) diagram shown on the left in Figure 1
while diboson processes are sensitive to aTGCs through s-channel diagrams like the
one shown on the right in Figure 1. Along with the Zjj process, WZ, WW , and
Wγ production are all sensitive to charged couplings involving two W bosons and
one neutral gauge boson. The most common parameterization assumes C and P
conservation and has three parameters (κZ , g
Z
1 , and λZ) for the WWZ couplings and
two parameters (κγ and λγ) for the WWγ coupling[14]. In the SM, κZ = κλ = g
Z
1 = 1
while λZ = λγ = 0.
The ZZ and Zγ processes provide sensitivity to the neutral couplings, which are
all zero in the SM. ZZ production is sensitive to four parameters describing ZZγ∗
and ZZZ∗ couplings, fVi (i = 4, 5;V = γ, Z)[14]. The f
V
5 couplings violate C and
P separately but conserve CP while the fV4 couplings violate CP . There are eight
parameters for the Zγγ∗ and ZγZ∗ couplings that contribute to Zγ production,
hVi (i = 1, 2, 3, 4;V = γ, Z)[15]. The h
V
1 and h
V
2 couplings violate CP . Measurements
at the LHC have set limits on the hV3 and h
V
4 couplings, which are CP -conserving.
Figure 1: Example diagrams showing the TGC contribution to Zjj production (left)
and Wγ production (right).
The main difficulty in measuring the electroweak Zjj production is that the cross
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section for the strong production mechanism, in which the two jets are produced by
QCD interactions, is much higher. The Z is required to decay leptonically, giving a
signature of two leptons and two jets, and the electroweak contribution is enhanced
by selecting events with kinematics characteristic of VBF. VBF events tend to have
two jets with high momentum and a large rapidity gap between them, so the di-jet
invariant mass (mjj) is required to be greater than 250 GeV, and events with a third
jet that has a rapidity in between the rapidities of the two leading jets (a “gap jet”)
are vetoed. A control region with the gap jet veto reversed is used to constrain the
mjj distribution of the background, and a fit to the mjj distribution in the signal
region is used to extract the electroweak contribution. This fit is shown in Figure 2.
The significance of the excess over the background prediction is greater than 5σ, and
the measured fiducial cross section is 55 ± 11 fb. This agrees with the SM prediction
of 46 ± 1 fb. The fitted number of signal events with mjj > 1 TeV is used to set
limits on aTGCs, with and without unitarization by a form factor. These limits are
shown in Table 1.
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Figure 2: Di-jet invariant mass distribution for the control region (left) and signal re-
gion (right). The control region is used to constrain the mjj shape for the background
when fitting for the number of electroweak Zjj events in the signal region.
The WZ measurement[16] requires both bosons to decay leptonically, leading to
a signature with few high-pT objects and low backgrounds. Events are selected with
3 isolated leptons, two of which must have the same flavor, opposite charge, and
an invariant mass near the Z mass, and missing transverse energy (EmissT ) due to the
neutrino. The main background comes from events where one of the leptons originates
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aTGC Λ = 6 TeV (obs) Λ = 6 TeV (exp) Λ = inf (obs) Λ = inf (exp)
∆gZ1 [-0.65, 0.33] [-0.58, 0.27] [-0.50, 0.26] [-0.45, 0.22]
ΛZ [-0.22, 0.19] [-0.19, 0.16] [-0.15, 0.13] [-0.14, 0.11]
Table 1: Expected (exp) and observed (obs) 95% confidence level limits on anomalous
WWZ couplings from electroweak Zjj production, where ∆gZ1 = g
Z
1 − 1.
from hadronic activity in the event and is estimated using a data-driven technique
that uses events with non-isolated leptons. The measured WZ cross section is 24.6
± 1.7 pb, in agreement with the SM prediction of 21.9+1.2−0.9 pb.
The W+W− measurement[17] benefits from a higher cross section but also has
to contend with higher backgrounds. Events are required to have two leptons with
opposite charge and large EmissT . Backgrounds from tt¯ production and Drell-Yan are
suppressed by vetoing events containing a jet or a same-flavor lepton pair with an
invariant mass near the Z mass. The largest remaining background is still tt¯ and is
estimated from data in a control region without the jet veto and with a large scalar
sum of the tranverse momenta of all leptons and jets in the event. The cross section
measured for W+W− is 71.4+5.6−5.0 pb, a 2σ deviation from the SM cross section of
58.7+3.0−2.7 pb.
Measurements of Wγ production[9] must contend with larger instrumental back-
grounds, but since the photon is stable, offer direct access to one of the bosons involved
in the triple gauge boson interaction. The W is required to decay leptonically, leading
to events with one lepton, one photon, and EmissT . The main background is due to
jets misidentified as photons, and the next largest background comes from electrons
misidentified as photons. Each of these are estimated using data-driven techniques.
The measured Wγ cross section is 37.0 ± 4.2 pb, which agrees with the SM expec-
tation of 31.8 ± 1.8 pb. The transverse energy distribution of the photon is then
used to set limits on aTGCs. The limits on charged couplings from these and other
analyses are shown in Figure 3.
ZZ measurements have been performed in two channels. When both Z bosons are
required to decay to charged leptons[18], the ZZ system is fully reconstructable. Re-
quiring four leptons with two Z candidates also leads to extremely low backgrounds,
primarily from events with non-prompt leptons. The measured cross section in this
channel is 7.1+0.6−0.5 pb and is consistent with the SM prediction of 7.2
+0.3
−0.2 pb. Al-
lowing one Z to decay to neutrinos[19] provides a large increase in statistics due to
the higher branching fraction but brings in more background, mainly from WZ and
Z+jets events. A “reduced EmissT ” variable that takes the minimum of two missing
energy calculations, one using just reconstructed objects and the other using all en-
ergy deposits in the calorimeter, is used to suppress the Z+jets background. A cross
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Figure 3: Limits on charged triple gauge couplings. WWZ couplings are shown on
the left, and WWγ are shown on the right. ∆κZ , ∆κλ, and ∆g
Z
1 all refer to the
deviation from the SM value for the couplings.
section of 6.8+2.0−1.6 pb is measured. which agrees with the SM expectation of 7.9
+0.4
−0.2
pb. Limits on aTGCs are set using the di-lepton pT distribution.
Zγ measurements have also been performed for the two cases where the Z decays
to charged leptons[12] or neutrinos[20]. The tradeoff is the same as for the ZZ
measurements: Z → `±`∓ gives fully reconstructable events with lower background
while Z → νν¯ occurs at a higher rate. To suppress the larger backgrounds in the
case where the Z decays to neutrinos, any event that contains a high-pT track or jet
is rejected. In both cases, the main background is due to events with a non-prompt
photon and is estimated from data. In the di-lepton channel, a fiducial cross section
of 1.31 ± 0.12 pb is measured compared to a predicted fiducial cross section of 1.18
± 0.05 pb for the SM. The cross section measured in the neutrino channel is 21 ± 6
fb, which also agrees with the SM prediction of 21.9 ± 1.1 fb. The di-lepton channel
uses events with the transverse energy of the photon (EγT) greater than 100 GeV
to set limits on aTGCs while the neutrino channel also uses the shape of the EγT
distribution. Limits on neutral couplings are shown in Figure 4.
3 Measurements Sensitive to aQGCs
Relatively few measurements sensitive to aQGCs have been performed at the LHC.
This section will cover measurements of γγ → W±W∓[21], WV γ production where
V = W,Z[22], and the production of two W bosons with the same electric charge
in association with two jets[23]. Relevant diagrams for these processes are shown in
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Figure 4: Limits on neutral triple gauge couplings. The left plot gives limits on
ZZ(Z/γ)∗ couplings while Zγ(Zγ)∗ couplings are shown on the right.
Figure 5.
Figure 5: Diagrams for γγ → WW (left), WV γ (middle) and W±W±jj (right)
processes.
In the γγ → W±W∓ process, the photons are radiated from the incoming protons.
The protons may stay together or dissociate but, in either case, scatter at small
angles and escape undetected. This leads to very sparse events containing only the
decay products of the W bosons, which are required to decay leptonically. Same-
flavor events have large background contributions from γγ → `±`∓ and Drell-Yan
production, so events are selected containing 1 electron and 1 muon of opposite charge
with pT > 20 GeV. They are required to have an invariant mass greater than 20 GeV
and a di-lepton pT greater than 30 GeV. Since only the W decay products are expected
in the event, events are rejected if there are any other tracks matched to the primary
vertex.
Backgrounds to this process come from inclusive W±W∓ production, γγ → τ±τ∓,
6
and Drell-Yan τ±τ∓ production. These are estimated using Monte Carlo (MC) sim-
ulation and checked in control regions defined by inverting track multiplicity and
di-lepton pT requirements. Di-photon interactions in which one or both of the pro-
tons dissociates is difficult to model in MC, so the ratio of total γγ → XY to the
elastic component is measured using γγ → µ±µ∓ events with a di-lepton invariant
mass above 160 GeV. This correction factor is then applied to MC predictions for
elastic γγ → W±W∓ and γγ → τ±τ∓ production.
The prediction in the signal region is for 2.2 ± 0.4 signal events and 0.84 ± 0.15
background events. Two events are observed, and a 95% CL upper limit is set on the
cross section at 2.6 times the SM prediction of 4.0 ± 0.7 fb. The number of events
with di-lepton pT greater than 100 GeV is used to set limits on anomalous γγWW
couplings. These limits are shown in Figure 6.
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Figure 6: Limits on anomalous γγWW couplings from the γγ → WW and WV γ
analyses.
In the WV γ analysis, the W is required to decay leptonically while the other heavy
gauge boson is required to decay hadronically. This leads to a signature with one high-
pT lepton, large E
miss
T , two jets with invariant mass near the W or Z masses, and one
high-ET photon. The main background comes from Wγ+jets events. The shape of
this background is taken from MC and normalized using a fit to the the sidebands of
the mjj distribution. Another significant contribution comes from WV+jets events
where a jet is misidentified as a photon. This background is estimated from data
using events where the photon is non-isolated.
The observed event yields are in agreement with the SM prediction and are used
to set an upper limit on the cross section at 3.4 times the SM value of 91.6 ± 21.7 fb.
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The EγT distribution is used to set limits on aQGCs. Figure 7 shows this distribution
in the muon channel. The resulting limits can be seen in Figure 6.
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Figure 7: EγT distribution for events in the signal region containing a muon.
The W±W±jj measurement selects events with two leptons with the same electric
charge, large EmissT , and two jets with an invariant mass above 500 GeV. Background
from non-prompt leptons and WZ events are suppressed by vetoing events with a
b-tagged jet and third lepton, respectively. The ee channel also suffers a large back-
ground due to charge misidentification, which is reduced by requiring the di-electron
invariant mass to be at least 10 GeV away from the Z mass. This signal region is
used for measuring inclusive W±W±jj production while the electroweak component
is measured is a subset of this region defined by the additional requirement that the
rapidity separation between the two leading jets is greater than 2.4.
An excess is observed over the background prediction that has a significance of
4.5σ for the inclusive process and 3.6σ for electroweak production. The di-jet mass
distribution for the data is shown in Figure 8 compared with the background predic-
tion. The fiducial cross section measured in the inclusive signal region is 2.1 ± 0.6
fb, and the measured fiducial cross section for the electroweak component is 1.3 ±
0.4 fb. These agree with the SM predictions of 1.52 ± 0.11 fb and 0.95 ± 0.06 fb. A
corresponding CMS measurement[24] set a 95% CL upper limit on the cross section
in a fiducial region with mjj > 300 GeV of 1.5 times the SM prediction of 5.8 ± 1.2
fb. Each measurement also set limits on aQGCs affecting the WWWW vertex using
8
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Figure 8: The di-jet invariant mass distribution for events passing other signal region
selections.
two different parameterizations.
4 Conclusions
A wide array of measurements have been performed at the LHC that are sensitive to
the interactions of electroweak gauge bosons. This includes first evidence/observation
of electroweak processes that have not been previously measured. The results of these
measurements have not provided evidence to contradict the SM picture of electroweak
symmetry breaking. However, a new run with an energy starting at 13 TeV is set to
begin in 2015. Scenarios with anomalous couplings predict increased cross sections
at higher energies, and sensitivity to anomalous couplings is expected to increase by
a factor of 3-4 in the next run. The SM therefore faces another stringent test in the
next few years.
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